In this paper, a compact integrated flexible-grid 1 × 2 wavelength-selective switch is proposed. The device is designed by utilizing a structure with nine reconfigurable adddrop silicon microring resonators. Using thermal tuning, the transmission spectra of silicon microring resonators are coherently combined to provide adjustable bandwidths as desired. The operation principle and detailed analysis of the designed device are presented. Calculation results show the bandwidth tuning for the spectrum with the large bandwidth varies from 0.56 to 4.09 nm and the bandwidth tuning for the spectrum with the moderate bandwidth ranges from 0.38 to 2.64 nm. The integrated flexible-grid 1 × 2 wavelength-selective switch with the maximum bandwidth tunability has a maximum crosstalk of −11.5 dB.
Introduction
Due to the emergence of cloud computing and other data-center-supported applications, Internet traffic is growing exponentially. In order to accommodate the increasing Internet traffic demand, optical networks have to be upgraded by augmenting spectrum efficiency and transmission capacity. The elastic optical networks (EONs) with flexible nature have emerged as a very promising solution [1] , [2] .
In such optical networks, flexible-grid wavelength-selective switches (WSSs) play an important role. They have become necessary for EONs to handle a mixture of different channel bandwidths. To date, several approaches to implement flexible-grid WSSs have been proposed. Flexible-grid WSSs based on digital micromirror devices (DMDs) or liquid crystal on silicon (LCOS) modulators show good performance, but are bulky and costly [3] , [4] . In contrast, integrated flexible-grid WSSs using silica planar lightwave circuit and silicon waveguides can provide an attractive approach [5] , [6] . Especially, flexible-grid WSSs based on silicon-on-insulator (SOI) platform offer a competitive option for constructing cost-effective on-chip colorless, directionless, and contentionless (CDC) reconfigurable optical add/drop multiplexers (ROADMs) [7] , due to the compatibility with the CMOS fabrication technology. Previously, a flexible-grid WSS based on SOI platform, consisting of arrayed waveguide gratings (AWGs), 1 × 2 Mach-Zehnder interferometer (MZI), and waveguide crossings has been reported [6] . The footprint is 3.0 × 5.5 mm 2 . In addition, the device is not easy to extend for more output ports. Silicon microring resonators (MRRs) are considered as an ideal element to realize active and passive optical devices because of the compact footprint and low power consumption, such as filters [8] , [9] , lasers [10] , [11] , routers [12] , [13] , modulators [14] , [15] , switches [16] , [17] , sensors [18] , [19] , and logic gates [20] . However, to the best of our knowledge, a flexible-grid WSS using silicon MRRs is never before discussed.
In this paper, we propose and design a flexible-grid 1 × 2 WSS based on reconfigurable add-drop silicon MRRs. The transmission spectra of MRRs are selectively combined together by thermally tuning the resonance of MRRs and phase shifters. The proposed device can be used in scalable integration and conveniently expanded to multi-wavelength and multi-port flexible-grid WSSs. We evaluate and analyze the functionalities and properties of the flexible-grid 1 × 2 WSS by using the transfer matrix method. Numerical simulations show when the maximum bandwidth tunability is achieved, the flexible-grid 1 × 2 WSS with crosstalk lower than −11.5 dB can be obtained.
Design and Analysis
A schematic drawing of a flexible-grid 1 × 2 WSS is shown in Fig. 1(a) . The device is composed of nine reconfigurable add-drop silicon MRRs denoted as R i (i = 1, 2, . . . , 9). The resonance wavelength of R i is marked as λ i .R 1 , R 2 , and R 3 in the first row are designed to act as a wavelength demultiplexer [21] , [22] . Combined with the wavelength demultiplexer, R 4 , R 5 , and R 6 are used to collect the incoming signal at the O 1 port and realize different bandwidths as needed. Similarly, R 7 , R 8 , and R 9 are used for obtaining the transmission spectrum with the adjustable bandwidth at the O 2 port. The two phase shifters are designed in the straight waveguide to tune the phase differences ϕ 1 and ϕ 2 . In this work, the thermo-optical effect in silicon waveguide is used as a tuning mechanism. Compared with electro-optical and all-optical tuning, thermo-optical tuning has a moderate speed. The response times of the order of microseconds can be achieved [23] . But the thermo-optical coefficient (1.86 × 10 −4 /K) in silicon is large enough to realize a wide wavelength tunable range. Titanium Nitride (TiN) films can be formed to act as microheaters [8] . In order to improve the power efficiency and reduce thermal crosstalk, thermal isolation trenches should be adopted [23] . In addition, the use of dithering signals can be considered to achieve to automate the tuning process [24] , [25] . The radii of silicon MRRs are set to be 10 μm which make the bendrelated loss can be neglected [21] , [26] , [27] . The free spectra range (FSR) of silicon MRRs is about 10 nm. As the applied power increases, tuning over a full FSR can be permitted [8] , [28] . At the crossing, an ellipse-based crossing waveguide is used to reduce the scattering loss [13] . The effective footprint can be estimated to be around 0.20 mm 2 according to Ref. 8 . Fig. 1(b) shows a cross-sectional view of the coupling region (along line A-A'). As shown in Fig. 1(b) , a silicon rib waveguide with a height of 220 nm and slab thickness of 60 nm is considered. The width of the rib waveguide is set to be 450 nm so that only the fundamental quasi-transverse-electric (QTE) mode can be supported. By using finite difference eigenmode solver, the calculated mode profile in the silicon rib waveguide for the fundamental QTE mode is shown in Fig. 1 (c). From Fig. 1(c) , it is seen that higher-order modes are cutoff when the width of the rib waveguide is chosen to be 450 nm. The single-mode condition is consistent with the experimental result in Refs. 8, 13, and 28. The proposed device can be fabricated on SOI wafer in a commercial CMOS-compatible process and characterized by using an amplified spontaneous emission (ASE) source, an optical spectrum analyzer and tunable voltage sources [8] , [13] , [23] , [29] . Table 1 lists the switching states, optical paths, and output signals.
The transfer matrix method is adopted to investigate the behavior of the proposed device. In order to simplify the model, it is assumed that the field coupling coefficient k and field transmission coefficient α of each microring are the same and the scattering loss ξ at each crossing is unchanged. The transmission functions for the two output ports can be described as:
where D i and Th i are the drop and through transmission of R i , respectively. The round-trip phase shift of R i is defined as
where r i and n effi are the radius and effective refractive index of R i .
In the simulation, the scattering loss ξ and the field transmission coefficient α are 0.911 (0.81 dB/crossing) and 0.9983 (a propagation loss of 2.42 dB/cm) respectively [8] , [13] . The group refractive index is chosen to be 3.8 [23] . By tuning the resonant wavelengths, different bandwidths can be obtained. Fig. 2 shows the working principle for realizing adjustable bandwidths. Take the optical paths I 1 → R 1 → R 4 (R 2 ) → R 5 → R 6 → O 1 for state 4 and I 1 → R 1 → R 4 (R 2 ) → R 5 (R 3 ) → R 6 → O 1 for state 7 for example. Note that in Fig. 2 , the resonance wavelength differences λ 1 , λ 2 , and 
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Fig. 2. Working principle for realizing transmission spectra with moderate and large bandwidths. λ 3 are respectively defined as λ 1 = λ 1 −λ 4 = λ 3 −λ 6 , λ 2 = λ 5 −λ 3 = λ 4 −λ 2 , and λ 3 = λ 2 −λ 5 . For the optical paths I 1 → R 1 → R 4 (R 2 ) → R 5 → R 6 → O 1 , when the input light goes through the wavelength demultiplexer, the signal wavelengths λ 1 and λ 2 are separated. After passing optical paths with same length, the wavelengths λ 1 and λ 2 are combined in R 5 . Thus, the spectrum with the moderate bandwidth is formed and comes out from the O 1 port. The maximum required wavelength difference for the spectrum with the moderate bandwidth can be defined as
because of the symmetrical design. Similarly, the spectrum with the large bandwidth is realized by combining the wavelengths λ 1 and λ 2 in R 5 and then rejoining the wavelength λ 3 in R 6 . The maximum required wavelength difference for the spectrum with the large bandwidth is defined as
According to the transmission functions, it can be found that the phase differences, field coupling coefficient, and wavelength differences are important contributors to the performance of the designed flexible-grid 1 × 2 WSS.
In order to obtain a flat-top spectrum, the phase differences ϕ 1 and ϕ 2 should be optimized. The transmission spectra with moderate and large bandwidths changing with the phase differences are shown in Figs. 3(a) and 3(b) . The phase differences ϕ 1 and ϕ 2 are equal due to the symmetrical structure. From Fig. 3 , when the phase differences vary from 0 to 1.75 π, the in-band ripple (IBR) is reduced first and then increased. It can be seen that flat-top spectra can be obtained with the phase differences ϕ 1 and ϕ 2 chosen as: ϕ 1 = ϕ 2 = π. Fig. 4 shows the influence of the field coupling coefficient k on the performance of transmission spectra with three types of bandwidth, such as 3-dB bandwidth (BW), extinction ratio (ER), insertion loss (IL), and shape factor (SF) in the cases of guaranteeing the minimum bandwidth tunability and maximum bandwidth tunability. In the simulation, the IBR is maintained below 1 dB. From Figs. 4(a) and 4(b), as the field coupling coefficient k increases, BWs become larger and ERs get worse. Thus, there is a tradeoff between the BW and ER. In addition, if an optical path from the input port to the output port contains an independent MRR that do not make a contribution to the total spectrum, the ER will be affected badly by the independent MRR. For example, the independent MRR R 6 in the optical paths I 1 → R 1 → R 4 (R 2 ) → R 5 → R 6 → O 1 for state 4. Therefore, the field coupling coefficient k should be carefully chosen. When the ER of the independent MRR ranges from 15 dB to 23.7 dB, the field coupling coefficient k is between 0.35 and 0.55. The maximum BW for the spectrum with the large bandwidth can be tuned from 2.1 nm to 5.8 nm and the maximum BW for the spectrum with the moderate bandwidth increases from 1.5 nm to 4.2 nm. Note that in Figs. 4(c) and 4(d), it can be seen that the IL and SF are almost unchanged with increasing field coupling coefficient k. The SF for the spectrum with the large bandwidth is poorer than the one for the spectrum with the moderate bandwidth in the case of guaranteeing the minimum bandwidth tunability while it is better than the SF for the spectrum with the moderate bandwidth in the case of guaranteeing the maximum bandwidth tunability. Based on the above analysis, the field coupling coefficient k is chosen as: k = 0.45 in this work. Thus, gaps between the ring and bus waveguides are set to be 180 nm.
The wavelength differences λ M and λ L dependence of the performance of transmission spectra with moderate and large bandwidths are respectively shown in Figs. 5(a) and 5(b). As depicted in Fig. 5(a) , when the wavelength difference λ M increases from 0.1 to 2.55 nm, the ER decreases from 63.6 to 37.2 dB. With increasing wavelength difference λ M , the IL is significantly reduced and then slowly increased. The maximum tuning BW of 2.64 nm can be obtained with the IBR less than 1 dB. The SF can range from 0.22 to 0.49. As seen in Fig. 5(b) , the ER larger than 27.5 dB can be realized with increasing wavelength difference λ L . The IL is between 1.8 and 12.2 dB and BW tuning ranges from 0.56 to 4.09 nm. The SF varies from 0.14 to 0.59. Note that in the Figs. 5(a) and 5(b), if the wavelength differences are close to 0, the IL for the spectrum with the moderate bandwidth and IBR for the spectrum with the large bandwidth will increase rapidly. When the wavelength differences λ 1 and λ 2 are set to be 1.02 and 0.51 nm, the maximum tuning BW for the spectrum with the moderate bandwidth is achieved. The minimum tuning BW of 0.38 nm for the spectrum with the moderate bandwidth can be reached for λ 1 = 0.05 nm and λ 2 = 0 nm. However, the IL reaches a maximum when the tuning BW for the spectrum with the moderate bandwidth is the minimum. In order to balance the IL against the tuning BW, the tuning BW of 0.44 nm for Table 1 when tuning BWs for the spectra with moderate and large bandwidths become maximum.
the spectrum with the moderate bandwidth is adopted when the wavelength differences λ 1 and λ 2 are respectively 0.17 and 0 nm. The tuning BW for the spectrum with the large bandwidth becomes maximum when the wavelength differences λ 1 , λ 2 , and λ 3 are selected to be 0.95, 0.48 and 1.05 nm. If wavelength differences λ 1 , λ 2 , and λ 3 are chosen as λ 1 = 1.09 nm, λ 2 = 0 nm, and λ 3 = 0 nm, the tuning BW for the spectrum with the large bandwidth will be minimum.
Results and Discussion
The designed flexible-grid 1 × 2 WSS using silicon MRRs can route each wavelength from the input port to one of output ports with an adjustable bandwidth. Fig. 6 (a)-6(h) represent the transmission spectra of the switching states in Table 1 when the maximum bandwidth tunability is reached. One can see that the best crosstalk is up to −16.4 dB, while in the worst case it is −11.5 dB. The BW ranges from 0.47 to 4.09 nm and IL varies from 1.8 to 9.4 dB, which depend on the optical path and switching state. The IBR is smaller than 1 dB. Fig. 7 shows the transmission spectra of the switching states in Table 1 when the tuning BW of 0.44 nm for the spectrum with the moderate bandwidth and the tuning BW of 0.56 nm for the spectrum with the large bandwidth are used. From Fig. 7(a)-7(h) , it can be found that the crosstalk is lower than −15.8 dB and IL ranges from 1.8 to Table 1 when the tuning BW of 0.44 nm for the spectrum with the moderate bandwidth and the tuning BW of 0.56 nm for the spectrum with the large bandwidth are used. 
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4.8 dB. The BW varies from 0.44 to 0.56 nm. There is no IBR in this case. The performance of the designed flexible-grid 1 × 2 WSS is mainly limited by the independent MRR in the optical paths. To improve the crosstalk, a double-series coupled MRR can be adopted to design as a basic element in the future work. The designed flexible-grid 1 × 2 WSS can also represent other unconventional states as listed in Table 2 . Fig. 8(a)-8(c) show the transmission spectra of the unconventional states in Table 2 . It can be seen in Fig. 8(a) that if a signal wavelength is not needed, it will not come out from output ports. Note that in Figs. 8(b) and 8(c) , a signal wavelength can simultaneously emerge from the two output ports. As depicted in Fig. 8(b) , due to the sharing of a part of the optical path (R 1 → R 2 → R 5 ), the signal wavelengths λ 3 and λ 2 are routed from the input port to the O 1 port and the signal wavelengths λ 1 and λ 2 appear at the O 2 port. The transmission spectra obtained at the two output ports are partially overlapped. As shown in Fig. 8(c) , the signal wavelengths λ 1 can reach the two output ports by splitting of the spectrum at a wavelength of λ 1 . Table 2 when tuning BWs for the spectra with moderate and large bandwidths become maximum.
Additionally, the proposed device is scalable. It is easy to extend for more output ports by adding horizontal waveguides and related MRRs. The number of vertical waveguides and appropriate MRRs can be enhanced, allowing for a wider tuning range. The maximum tuning BW can almost cover the entire FSR when multiple signal wavelengths are combined together. However, as output ports and input wavelengths are increased, the use of crossing waveguides also grows dramatically. Thus, it is important to carefully design the crossing waveguide to reduce the insertion loss and improve the crosstalk.
Conclusion
In conclusion, an integrated flexible-grid 1 × 2 WSS based on nine reconfigurable add-drop silicon MRRs has been proposed and numerically analyzed. According to (1)-(4), the transmission spectra with adjustable bandwidths at the two output ports can be obtained by thermally controlling the phase differences and wavelength differences. The flexible-grid 1 × 2 WSS provides crosstalk lower than −11.5 dB, an insertion loss smaller than 9.4 dB, and a maximum tuning bandwidth of 4.09 nm. With the advantages of compact footprint, low crosstalk, flexible bandwidth, and CMOScompatible fabrication method, the designed device can offer an attractive option for applications in elastic optical networks.
